Quantum memory using a hybrid circuit with flux qubits and NV centers 
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We propose how to realize high-fidelity quantum storage using a hybrid quantum architecture 
including two coupled flux qubits and a nitrogen- vacancy center ensemble (NVE). One of the flux 
qubits is considered as the quantum computing processor and the NVE serves as the quantum 
memory. By separating the computing and memory units, the influence of the quantum computing 
process on the quantum memory can be effectively eliminated, and hence the quantum storage of an 
arbitrary quantum state of the computing qubit could be achieved with high fidelity. Furthermore 
the present proposal is robust with respect to fluctuations of the system parameters, and it is 
experimentally feasibile with currently available technology. 



PACS numbers: 03.67.-a; 42.50.Ct; 85.25.Cp 

I. INTRODUCTION 

Hybrid quantum circuits combining the advantages of 
atoms, spins, and solid-state devices could have appli- 
cations for quantum information processing and quan- 
tum computation [1]. In hybrid quantum circuits, ul- 
tracold 87 Rb atomic ensembles [2], polar molecular en- 
sembles [3, 4] and spin ensembles [5] with long coherence 
times have been proposed as possible quantum memories. 
While a superconducting (SC) qubit [1, 6-9] that couples 
strongly to electromagnetic fields has been proposed as 
the quantum computing processor performing quantum- 
gate operations. To couple the memory and computing 
units, the previous proposals normally consider a com- 
mon transmission line resonator (TLR) as the quantum 
data bus and employ electric-dipole or magnetic-dipole 
interactions [1, 5, 10-14]. 

Magnetic interactions are more desirable due to the 
sufficiently long coherence times achieved in systems with 
spin states storing quantum information. For example, 
the nitrogen-vacancy (NV) centers in diamond have long 
electronic spin lifetimes, narrow-band optical transitions, 
as well as the possibility of coherent manipulation at 
room temperature [15-17]. However, magnetic interac- 
tions are inherently weaker compared with electric inter- 
actions, even though strong magnetic coupling to ensem- 
bles of spins has been achieved [18]. 

Recently, some novel hybrid systems, consisting of a 
SC flux qubit magnetically coupled to NVE were pro- 
posed [19-21, 24] and one of these implemented exper- 
imentally [22] in order to enhance the corresponding 
magnetic-dipole interactions. Calculations in Ref. [19] 
suggest that the magnetic coupling between a SC flux 
qubit and a single NV center could be about three orders 
of magnitude stronger than that associated with stripline 
resonators, thereby making the (flux quit and NV cen- 
ter) system a possible building block for implementing 
quantum storage. However, in the previously-considered 
single flux- qubit- NVE system [schematically shown in 



Fig. 1(a), with their energy levels in 1(b)], the quantum 
computing processor and memory unit are overlapped, 
and hence it is difficult to individually perform quantum 
computation without influencing the quantum memory. 
Moreover, scalability of quantum CPU+memory units is 
problematic, because this would require coupling many 
of quantum CPU and memory unit, respectively. 

Inspired by the above points, in this paper, we propose 
an alternative method for realizing high-fidelity quantum 
storage by separating the quantum computing and mem- 
ory units (see Fig. 1(c)). Here, the NVE acts as a spin- 
based quantum memory coupled to a flux qubit (qubit 
M) through a strong magnetic-dipole interaction; an- 
other flux qubit (qubit M) is the quantum computing 
processor coupled to the qubit M through the tunable 
coupling J t . 

The major advantages of our proposal are as follows: 
(1) The quantum computing and memory units are sep- 
arated from each other, and thus the influence of the 
quantum computing process on the quantum memory 
can be either drastically reduced or effectively eliminated. 
The high-fidelity quantum storage process can be real- 
ized without needing any additional operations on the 
flux qubits or NVE. (2) A large-scale quantum memory 
device is feasible by adding up or integrating individu- 
ally the computing and memory units. (3) The present 
proposal is robust with respect to the variations of some 
experimental parameters. 

The remainder of this paper is organized as follows. In 
section II, we introduce the model under consideration 
and derive its effective Hamiltonian. In sections III and 
IV, we discuss the realization of high-fidelity quantum 
storage based on resonant and dispersive interactions. 
Finally, we conclude with a brief summary in section V. 
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FIG. 1: (color online) (a) Single coupled flux-qubit-NVE 
system, (b) Separate energy level structures of the NV center 
and flux qubit. (c) Quantum memory circuit with separate 
memory and computing units. Two flux qubits are coupled 
with a tunable coupling strength J t , and the right flux qubit 
serves as the computing unit. The NVE coupled to the left 
flux qubit serves as the spin-based quantum memory unit. 
Text denotes the external driving current away from flux qubit 
C and NVE by distances dc and (In, respectively. 



II. MODEL AND HAMILTONIAN 



As shown in Fig. 1, we consider a hybrid quantum cir- 
cuit consisting of two coupled flux qubits (qubit M and 
C) and a NVE. The eigenstates of the flux qubit are su- 
perpositions of left- and right-circulating persistent cur- 
rent states, and the energy levels are typically separated 
by a few GHz [23]. An NV center has an S = 1 ground 
state, with zero-field splitting D = 2.88 GHz between the 
m s = and m s — ±1 states. By introducing an exter- 
nal magnetic field B along the crystalline axis of the NV 
center, an additional Zeeman splitting between m s = ±1 
sublevels occurs. Thus, a two-level system with sublevels 
m s = and m s = — 1 [see Fig. 1(b)] cab be isolated. 

In the memory unit proposed here, the flux qubit M 
can create superpositions of persistent currents of hun- 
dreds of nano- Amperes, and hence the magnetic field as- 
sociated with this current, of the order of a /iT, enables 
a magnetic dipole coupling to the electron spins in the 
NV center. 

Under the dipole and rotating-wave approximation 
(RWA), we can express the Hamiltonian of an ensemble 
of N spins coupled to the flux qubit M at its degeneracy 



point as (setting h = 1) 

N N 

#NM = UJm^m^m + ^NV Yl f k f k + XI 9k ( f k & M + h - C ) ■ 

k=l k=l 

(i) 

Here, aj^ and are the raising and lowering opera- 
tors with respect to the qubit M and the spin. The 
coupling strength g^ between the flux qubit and the in- 
dividual spin are proportional to the magnitude of the 
qubit field at the spin location [19, 20]. The spins are 
assumed to have the homogeneous energy splitting cjnv? 
and ujc is the splitting of the flux qubit M. We next in- 
troduce the collective operator tfl = g~ x Y^k 9 kT k •> w ^h 
g = (J2k Idkl 2 ) 1 ^ 2 , and its Hermitian conjugate b. In 
the low-polarization limit, where almost all spins are in 
the ground state, £r and b obey approximately bosonic 
commutation relations, \b,&] « 1 and ^k^k ~ ^ 
[24]. Thus, the NVE can be considered to an effective 
bosonic mode and the Hamiltonian (1) can be reduced 
to an effective Jaynes-Cummings model [24-27], 

#NM = ^M^m^m + UNvtfb + Q (& 1 ' + ft.C.) . (2) 

Here, we just consider the two lowest state of mode 6, 

|0>£> = \9\92---9n) and \1) D = (l/VN) J2k l0i- e fc-0iv). 
The collective coupling g is enhanced by a factor of 
compared to the root mean square of the individual 
couplings Recent experiments achieved a coupling 
strength as strong as g ~ 2tt x 35 MHz [22]. Consider- 
ing the above spin- flux and flux- flux couplings, the total 
Hamiltonian of the hybrid system is given by 

H tot C^M^m^M + ^NV^ + 9 {i ] °M + h ' C ') 

+ UJC&C & C + J t (°M°C + & M a c) ' ( 3 ) 

Note that, in hybrid system proposed here, the mem- 
ory unit and the computing unit are connected by a tun- 
able coupling strength J £ , which can be realized by a 
SQUID or ancilla flux qubit [28-33]. In recent experi- 
ments, manipulating coupling strengths in situ and the 
engineering of various types of circuit connectivities have 
become feasible [34-36]. 

III. RESONANT INTERACTION PROPOSAL 
FOR QUANTUM STORAGE 

In this section, we begin to discuss the quantum stor- 
age of an arbitrary state of flux qubit C, that is 

Wi) = M0) c +/3|1) c )|0)nv ->■ |Vr> = |0>cH0)nv+/?|1)nv) 

based on the resonant interaction between the computing 
and memory units. 
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FIG. 2: The fidelity F of quantum storage versus the dimen- 
sionless time jt in the resonant-interaction case. The param- 
eters are scaled with 7 and chosen as a = 1/V3, $ = ^2/3, 
Jt= 9 = 7, and Ac = A N v = 0. 



In the resonant-interaction case, the frequencies of two 
flux qubits and the NVE are chosen to satisfy the con- 
ditions Anv = Ac = 0, where the detunings are given 
by 



A 



NV 



: C^NV — 1 Ac — 00 C — 00 m- 



Then, in the interaction picture, the Hamiltonian (3) be- 
comes 

#tot = 9$°m + ^m) + J t(°c°M + °Mm)- ( 4 ) 

We consider the computing qubit C to be initially in an 
arbitrary state a\0)c + /3|l)c, and both the flux qubit M 
and the NVE in the ground state |0)m|0)nv- Then, the 
initial state of the system ^(O)) is the coherent superpo- 
sition state (a|0)c + /S|1)c)|0)m|0)nv- The system state 
evolves following 



(5) 



In the subspace {|0i) = |1)c|0)m|0)nv; \fo) = 
|O)c|1)m|O)nv;|03) = |0)c|0) m |1)nv}. When |^(0)> = 
|1)p|0)m|0)nv we can obtain the state of the system at 

time t, \i/j(t)} = J2 3 j=i Cj\<t>j) with 



Ci = J?coB(y/j*+gH)/(J*+g 2 ) 
C 2 
C 3 



Jg 



(6a) 

g 2 (6b) 

T?t)-l}/(j 2 +g 2 ) (6c) 



Utsm^J^gH)/^ 



From the above equations, we notice that \^(t)) = 
|0)c|0)m|1)nv when y/2gt = (2k + 1)tt, (k = 0,1,2...), 
with parameter condition J t = g. 

When 1^(0)) = |0)c|0) m |0) nv , the system state will 
remain unchanged with time. Thus, the quantum storage 



process, (a\0) c + /3|1) c )|0)nv |0) c (a|0) N v + ^|1>nv) 
can be realized perfectly in the resonant interaction case. 

In order to further explicitly show the generation 
of high-fidelity quantum storage, we plot in Fig. 2 the 
quantum-storage-fidelity versus the dimensionless time 
7*. Here the fidelity is defined as F = | m (0|(^T|V^))| 2 
(here \i/jt) is the target state of quantum storage) and 
this figure shows that the quantum storage process can 
be deterministically realized at an appropriate time. 

Summing up the above discussion, the ideal parameter 
conditions have been chosen in order to obtain a high- 
fidelity quantum storage process. However, the ideal pa- 
rameter conditions may not be satisfied exactly in practi- 
cal situations. In order to study the influences of param- 
eter mismatches on the fidelity of quantum storage, we 
plot F against the detunings Ac, Anv and the coupling 
mismatch 

A = ( J t - g)/J t 

in Fig. 3. It is clearly shown from Fig. 3 that the 
quantum-storage-fidelity is insensitive with respect to the 
fluctuations of parameters Ac, Anv? and A. As a result, 
the quantum storage process can still be realized with 
high fidelity even though the ideal parameter conditions 
could not be satisfied exactly in practical situations. 

Here it should be noticed that the quantum storage 
process also can be realized in a single flux- qubit- NVE 
system [19]. However, in the single flux- qubit- NVE sys- 
tem, it is necessary to apply the addition pulse sequences 
on the memory (or computing) unit in order to eliminate 
the influence of quantum computing process on quantum 
memory. This requirement increases the difficulty of ex- 
perimentally realizing high-fidelity quantum storage pro- 
cess. Next, we will show that the above problem can be 
solved by separating the quantum computing and mem- 
ory units in our proposal (see the fig. 1(c)). 

As shown in Fig. 1(c), an external current 7 ext is used 
to perform the quantum computing process. The mag- 
netic field strength at a distance d away from the external 
current J ext is 



B(d) = /i 4xt/27rd, 



(7) 



where /xq is the permeability of the vacuum. To estimate 
the coupling strength Vtc between the external magnetic 

field and the flux qubit C, we note that Hbp = — P> • B, 
where /x is the magnetic dipole of the flux qubit induced 
by the circulating persistent current of magnitude 1q and 
j~l = IcAct where Ac — L 2 is the area of the flux qubit 
C. When the frequency of the external magnetic 00 d is 
resonant with the transition frequency 00 c, this coupling 
Hamiltonian can be written as Hbp — Qc(&c + ^c)> 
where 



is the Rabi frequency. 



2nhdc 



(8) 
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FIG. 3: (Color online) Fidelity F of quantum storage versus: (a) the detunings Ac and Anv, (b) the detuning A (Ac 
Anv = A) and coupling mismatch A. The ideal parameter regime used in Fig. 2 is indicated by the dashed lines. 
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FIG. 4: (Color online) The fidelity of quantum storage versus: (a) the dimensionless time jt and (b) the distance cIn (shown in 
Fig. 1). The black dashed and red solid curves in (a) correspond to the sinle flux-qubit-NVE system and the proposed system 
in this paper. The system parameters used here are L = 1 /im, N = 10 6 , dc — 1.2 /im, Ic — 60 nA, I e — 700 nA, and hence 
Qc/27r ~ 35 MHz. We also set Jt—g—^c—^i and Ac — Anv — 0. Notice that — tt/4 was chosen in (a) and the maximum 
fidelity F was chosen in (b). 



Similarly, the interaction of the external magnetic field 
B with the NV center can be written as S • W , where 
W = g e fiBB, g e is the electron ^-factor and hb is the 
Bohr magneton. Considering the magnetic field B along 
the x axis (perpendicular to the crystalline axis of the NV 
center) and applying the RWA, the interaction Hamilto- 
nian between the external magnetic field and the NVE 
can be written as Hbn = ^nv(^ + where 



NV 



2hirdN 



(9) 



the NV-center has been used. Based on the above discus- 
sion, it should be noticed that the external magnetic field 
will influence the quantum memory unit (NVE) when a 
single qubit rotation is applied on the quantum comput- 
ing unit (flux qubit C). As an example, we consider 
that a single qubit operation (rotating angle) on the 
flux qubit C is firstly implemented by the external cur- 
rent Text, and then the generated quantum state of the 
flux qubit C is transferred into the NVE. In particular, 
a small quantum state rotation for the NVE, 



Here the resonant condition between the flux qubit C and 



|0)nv — ^ cos(^nvt)|0) — zsui(^ N vt)|1)nv 
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FIG. 5: (Color online) The fidelity F of quantum storage 
versus the dimensionless time jt in the dispersive interaction 
case. The red dashed and black solid cuvers correspond to 
the original Hamiltonian (3) and effective Hamiltonian (10), 
respectively. The system parameters used here are the same 
as in Fig. 2, except for Ac = Any = IO7. 



will occur when single quantum rotation 



|0) P cos(n c r)\0) c - ism(n c r)\l)c (0 = n c r) 



is applied on the flux qubit C. Considering the above 
effects, in the Fig. 4(a) we calculate the fidelity of im- 
plementing the above quantum storage process based on 
the single flux-qubit-NVE system and the proposed sys- 
tem in our paper, respectively. The dynamics of sin- 
gle flux-qubit-NVE system is decided by the interaction 
Hamiltonian H s = g(b^a^-\-ba^). Fig. 4(a) clearly shows 
that the influence of quantum computing process on the 
quantum memory can be effectively suppressed by sepa- 
rating the computing and memory units. In addition, we 
also clearly show in Fig. 4(b) the dependence of quantum- 
storage-fidelity on the distance d^, and thus, a high- 
fidelity quantum storage process can be achieved in our 
proposal by choosing a proper distance (cIn > 8 /xm) be- 
tween two flux qubit s. 

Before ending this subsection, we would like to point 
out another advantage of our proposal. Here, the cou- 
pling between two flux qubits can be easily controlled 
by an external DC magnetic field. Thus, we can cutoff 
(or turn on) the connection between the quantum com- 
puting and memory units by a DC magnetic field when 
quantum gate operations (or quantum information trans- 
fer) are implemented. This property ensures that the re- 
versible quantum storage process can be easily realized 
in our proposal without needing any addition operations 
applied on either computing or memory units. 



IV. DISPERSIVE INTERACTION PROPOSAL 
FOR QUANTUM MEMORY 

In this subsection, we calculate the evolution of the 
system in the dispersive interaction case and show the 
realization of high-fidelity quantum storage. In the 
dispersive-interaction case, the frequencies of the flux 
qubit C and the NVE are detuned from the frequency 
of qubit M by Anv = <^nv — ^m? an d Ac = ujc — 
(where Anv? Ac ^ 9,Jt)- Then, the degree of free- 
dom of the qubit M can be adiabatically eliminated by 
a Frohlich transformation [37-39] and the total Hamilto- 
nian in the interaction picture becomes 



D 
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2Anv 
A(^6t + *t,S) 



6*6- 



J 2 
2A r 



(10) 



where A = gJ t (l/2A^\y + 1/2 Ac) is the effective cou- 
pling between the flux qubit C (computing units) and 
the NVE (memory unit). In the above calculation, we 
have assumed that the qubit M is initially prepared in 
its ground state. 

From the Hamiltonian (10), we show that the flux 
qubit C and NVE will exchange energy by virtually ex- 
citing the qubit M, which could effectively avoid loss 
induced by qubit M. So, in the dispersive interaction 
case, the goal of quantum storage, that is, (a\0)c + 
/3|1)c)|0)nv |0)cH0)nv + /?|1)nv) can also be real- 
ized perfectly at the appropriate time At = (2k + l)7r/2, 
for the ideal parameter conditions: Ac = Anv and 
9 = Jt- 

First of all, in order to show the validity of the above 
discussion, we plot the fidelity of the quantum stor- 
age with the original Hamiltonian (3) and the effective 
Hamiltonian (10) in Fig. 5. The consistence between 
dashed and solid lines in this Figure proves that the high- 
fidelity quantum storage process can still be realized in 
the dispersive- interaction case. 

Second, in Fig. 6, we also present the influences of sys- 
tem parameters on the quantum-storage-fidelity in the 
dispersive-interaction case. Figure 6(a) shows that the 
frequencies of the computing and memory qubits still 
need to be close, i.e., Ac — Anv, in order to obtain 
high fidelity. It can also be seen from Fig. 6(b) that the 
fidelity of the quantum storage is robust with respect to 
the system parameters A for large detuning. Notice that 
the interference fringe in Fig. 6 come from the detuning- 
induced frequency-shift on the computing and memory 
qubits. 

Third, in Fig. 7, we present the advantage of the pro- 
posed hybrid system compared to the single flux-qubit- 
NVE system. Similar to the resonant interaction case, it 
is clearly shown that the influence of the quantum com- 
puting process on the quantum memory can be effectively 
eliminited and a high-fidelity quantum storage process 
can be realized in our proposal when the flux qubit C 
and NVE are separated by a distance > 8 /im. 
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FIG. 7: (Color online) The fidelity F of quantum storage versus: (a) the dimensionless time yt and (b) the distance cIn- The 
black dashed and red solid cures in (a) correspond to the single flux-qubit-NVE coupling system and the proposed system in 
our paper. The system parameters used here are L = 1 /im, N = 10 6 , dc — 1.2 /im, Iq — 60 nA, I e — 700 nA, and hence 
Qc/27r ~ 35 MHz. We also set Jt—g—^p—^f and Ac = Anv = IO7. Notice that 6 — tt/4 was chosen in (a) and the maximum 
fidelity F was chosen in (b). 



V. EXPERIMENTAL FEASIBILITY OF THIS 
PROPOSAL 

Now let us briefly discuss the experimental feasibility 
of our proposal. 

First, in order to realize the reversible quantum stor- 
age process, the controllable coupling between computing 
and memory units is necessary. In the present proposal, 
this tunable coupling J t w J cos(27r|^) can be realized 
by a SQUID or ancilla flux qubit (<&c 1S the flux piercing 
the superconducting loop of the auxiliary qubit) [30]. By 
varying the flux 3>c, the coupling strength can be tuned 
almost from zero to 2tt x 100 MHz [29]. 

Second, the dephasing and decay times of the flux 



qubit s made so far are usually order of 1 to 100 /is. The 
NV-center sample have from relatively long decay and de- 
phasing times Ti nv ~ 1 ms and T2 nv ~ 10 -2 ms. Based 
on recent experiments [22], the coupling strength between 
an ensemble of approximately 3 x 10 7 NV-centers and 
flux qubit, g can reach up to 35 MHz. Then, the time 
for implementing quantum storage T ~ 10 _2 /i8, which is 
much shorter than the coherence times of flux qubits and 
NV-center. 

Last, it has been shown that it is necessary to separate 
the quantum computing (flux qubits) and memory 
(NVE) units by a distance d > 8 /im in order to obtain 
high quantum-storage-fidelity. According to related 
experiments about coupled flux qubits [28], the above 
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condition is feasible with currently available technology. turn computing and memory units can be respectively 

integrated, which has practical applications in the real- 
ization of large-scale quantum memory devices. 



VI. CONCLUSION 

In conclusion, we have proposed a spin-based quan- 
tum memory for a flux qubit based on a hybrid flux 
qubit and NV center system. We have shown that this 
proposal can provide high-fidelity quantum storage un- 
der realistic conditions both in the resonant and the 
dispersive- interaction cases. We argue that our proposal 
can effectively eliminate the mutual influence between 
the quantum computing and quantum storage processes 
by separating the computing and memory units. Thus, 
high-fidelity quantum storage can be realized in our pro- 
posal without needing any additional control pulses on 
the computing or memory units. Furthermore, the quan- 
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